Porcine reproductive and respiratory syndrome is one of the most devastating diseases affecting the pig industry. The licensed vaccines available present several shortcomings and consequently many groups around the world are actively working towards developing an efficacious vaccine. In this work, we have fused the epitope B of the GP5 protein from the PRRRS virus to peptide nanoparticles and expressed the construct in plants in a transient manner. It was shown by transmission electron microscopy that the chimeric protein nanoparticles can be efficiently synthesized and self-assembled inside plant cells. By real-time polymerase chain reaction (PCR), it was also demonstrated that the chimeric constructs are efficiently transcribed. There exists a high potential for these nanoparticles to serve as platforms for vaccines. In the next phase of the project, we will immunize mice to show immunogenicity and pigs, which will be later challenged with a circulating strain of the virus.
INTRODUCTION
Porcine reproductive and respiratory syndrome (PRRS) is one of the most important viral diseases affecting the global pork industry, with annual losses of billions of dollars per year worldwide (Neumann et al., 2005; Holtkamp et al., 2013; Zhang et al., 2014) . The syndrome is characterized by reproductive and respiratory failure and it is associated with abortions and infertility, respiratory distress in nursing pigs, poor growth and increased mortality (Rowland and Morrison, 2012; Hu and Zhang, 2014) . It is caused by PRRS virus (PRRSV), which is a member of the Arteriviridae family in the Nidovirales order (Lunney et al., 2010; Snijder et al., 2013) . The genome of PRRSV, a single-stranded positive-sense RNA of about 15 Kb in length with a methyl capped 5' and a 3'-polyadenylated tail, expresses a wide range of accessory and structural proteins via two distinct transcription mechanisms (Han and Yoo, 2014; . The PRRSV genome is (ORF 1a, 1b, 2, 2b, (3) (4) (5) (6) (7) . ORFs 2-5 encode glycosylated membrane proteins GP2a, GP3-GP5 plus GP5a. GP2, GP3 and GP4 form a trimeric complex resulting in the minor glycoprotein complex which enhances viral entry and is heavily N-glycosylated . The nucleocapsid protein (N) is encoded by ORF7. N is the major structural element within the PRRSV virion and forms disulfide-linked homodimers; It functions to package the viral genomic RNA and is the only known structural protein, which does not encode a transmembrane domain (Dokland, 2010) .
The original work suggested that only GP5, GP6 (M) and N made up the majority of the protein content of PRRSV (Mardassi et al., 1996; Dokland, 2010) . Recently, the nsp2 protein, which is coded for by the most variable region of the genome, was demonstrated to be incorporated into virions of several PRRSV strains as a set of differently sized protein isomers (Kappes et al., 2013 (Kappes et al., , 2015b . This unexpected result increases the number of viral proteins to at least 10 (full-length nsp2 and its isomers, nsp2TF, E, M, N, ORF5a) , that are exposed to the porcine immune system on entry of PRRSV into swine alveolar macrophages (Fang et al., 2012; Veit et al., 2014) . The enormous genetic and protein variation of all of these structural proteins, from the least conserved nsp2 to the most conserved M protein shows the complexity and plasticity of the PRRSV genome and virion structure (Rascón-Castelo et al., 2015; Kappes and Faaberg, 2015a) .
GP5 is a glycosylated protein of approximately 25 kDa and although it carries the major neutralizing epitope (epitope B) (Mardassi et al., 1996; Ostrowski et al., 2002; Plagemann et al., 2002) , it is also the most variable viral protein (Dokland, 2010; Kappes et al., 2015a) .
PRRSV mutates at an extremely rapid rate, even for a RNA virus (order of 10 -2 changes/amino acid site/year, as compared to 10 -3 to 10 -5 for HIV or hepatitis C virus) than that seen in other RNA viruses (Hanada et al., 2005) and this is probably due to more rapid replication, rather than to a higher error rate (Murtaugh et al., 2010) .
Control of PRRSV is primarily focused on prophylactic vaccines. The vaccines currently licensed consist of modified-live and killed-virus, but live PRRS vaccines may revert to virulent virus under farm conditions (Botner et al., 1997) and the efficacy of both vaccines may vary upon heterologous challenge (Diaz et al., 2006; Cano et al., 2007; Rebeaud and Bachmann, 2012) . None of the available vaccines is able to prevent respiratory infection or pig-to-pig transmission (Kimman et al., 2009) .
The unsatisfactory efficacy and safety of current PRRSV vaccines has driven the continuous efforts for developing better and safer vaccines. However, development of new PRRSV vaccines faces many challenges because of the high variability and the diverse mechanisms that the virus employs to evade the immune Uribe-Campero et al. 1601 response (Huang et al., 2015; Salguero et al., 2015) . A number of strategies including recombinant production of different PRRSV antigens in various systems have been tested (Qiu et al., 2005; Jiang et al., 2006; Zheng et al., 2007; Li et al., 2009a, b; Cruz et al., 2010; Chen and Liu, 2011; Chia et al., 2011; Vimolmangkang et al., 2012; Chan et al., 2013; Nam et al., 2013) . The epitope B of GP5 protein has been suggested as a promising vaccine candidate (Wissink et al., 2003; Snijder et al., 2013) . It is well known that small, single peptides are poorly immunogenic and therefore their use as individual peptides is not recommended (Bae et al., 2009 ). However, they could be presented to the immune system on the surface of nanoparticles, which are highly repetitive. These repetitive patterns are efficiently recognized by the mammal immune system. Epitopes that are capable of inducing an immune response can be displayed repetitively at high density on different types of nanoparticles (Pimentel et al., 2009 ). The key role of epitope density was illustrated in a study showing that nanoparticles decorated with a peptide at different density produce high IgG responses only at the highest density (Jegerlehner et al., 2002) and that only highly repetitive antigens could break B cell unresponsiveness and induce self-specific antibody responses (Bachmann et al., 1993; Chackerian et al., 2002) .
We decided to employ peptide nanoparticles as a vehicle of presentation of the GP5 epitope B of PRRSV to the immune system. The nanoparticles are formed by pentameric and trimeric motifs derived respectively from coiled coil domains of a monomer taken from the cartilage oligomeric matrix protein and a de novo designed oligomer (Babapoor et al., 2011; Raman et al., 2006) . These pentameric and trimeric coiled coils oligomers, use the threefold and fivefold symmetry of an icosahedron to yield a self-assembling nanoparticle (Raman et al., 2006) . Self-assembly into a predicted regular icosahedral nanoparticle of about 16 nm of diameter and 473 KDa in size occurs when the coiled-coil domains of different monomers associate to form the icosahedral nanoparticle. A nanoparticle with this type of architecture can be used as a vaccine by extending the ends of the monomer with an epitope sequence (Babapoor et al., 2011) . Nanoparticles of this type have only been expressed in bacterial systems and employed to express epitopes of Plasmodium berghei (Kaba et al., 2009) , avian influenza (Babapoor et al., 2011) and severe acute respiratory syndrome virus (Pimentel et al., 2009) .
In this work, as a first step towards using the peptide nanoparticles decorated with the GP5 epitope B of PRRSV as a candidate vaccine, our aim was to demonstrate that peptide nanoparticles, expressing the epitope B of GP5, were able to assemble adequately in a plant expression system. Why use plants? Over the last 10 years, the use of plants as platform has won relevancy because of its many advantages (Kumar et al., 2013) . Plants have become a very attractive system for 
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M-GP5 MGHHHHHHASWKWDGGLVPRGSDEMLRELQETNAALQDVRELLRQQVKQITFLRAL
LMGGRLLARLEELERRLEELERLEELERAINTVDLELAALRRRLEELARGGSGSHLQLI YNL
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Pentameric coiled coil domain (green), trimeric de novo designed coiled coil domain (blue), tetrameric coiled coil (pink) and PRRS GP5 Epitope B in orange. Linkers other amino acid residues and his-tags are shown in black (Babapoor et al., 2011) .
expression of many antigens and the recent approval of the first plant-made biologics by the U.S. Food and Drug Administration (FDA) for plant production and commercialization has opened the door for more products to be developed (Chen and Lai, 2013) .
MATERIALS AND METHODS
Constructions
The peptide nanoparticles M-GP5 and T-GP5 sequences were synthesized by GenScript from the nanoparticles sequences previously reported by Babapoor et al. (2011) . These nanoparticles will display the antigen of interest in a repetitive manner in high density in both monomeric (M-GP5) or tetrameric form (T-GP5) which are different conformations of the structure (Babapoor et al., 2011) . The conserved epitope B (SHLQLIYNL) of GP5 PRRSv protein (Ostrowski et al., 2002) was genetically fused to the nanoparticle sequence (Table 1 ). E. coli DH5α cells were transformed with M-GP5 or T-GP5 and incubated overnight at 37°C on LB medium plates in the presence of carbeniciline (50 mg/L). DNA plasmid was extracted from a single colony. The 365 or 361 pb fragments corresponding to M-GP5 or T-GP5 were digested with BsaI and subcloned in the BsaI site of pICH31070 to obtain pICH31070-M-GP5 or pICH31070-T-GP5. Vectors pICH15879, pICH14011, pICH-GFP, pICH31070-M-GP5 and pICH31070-T-GP5 were then transformed in Agrobacterium tumefaciems GV3101. Expression vectors were all kindly provided by Dr. Yuri Gleba (Icon Genetics).
Agroinfiltration
Infiltrations were done as described by our laboratory before (Coconi-Linares et al., 2013) Briefly, the GV3101 cells were incubated in YEB medium at 28°C until the OD600nm = 1.5. Then acetosyringone (200 μM) was added and the cultures were incubated at room temperature for two hours more. Bacteria were harvested by centrifugation at 3000 xg and the pellet of each culture was resuspended in agroinfiltration buffer (10 mM MES pH 5.5, 10 mM MgSO4) to a final OD600nm = 0.15. Equal volumes of each culture were mixed and the bacteria suspension used for agroinfiltration. Leaves of six to seven weeks-old Nicotiana silvestris plants grown in a controlled ambient chamber were infiltrated with bacterial suspension using a syringe without needle. Infiltrated plants were incubated at 25°C (16/8 ligth/darkness) for 6-10 days.
Extraction of total RNA and cDNA preparation
Total RNA was extracted from 100-200 mg of frozen infiltrated 
Gene expression analysis by quantitative real-time PCR (qRT-PCR)
The single-stranded cDNA was diluted five-fold in sterile milli-Q water prior to qRT-PCR. Amplifications were performed using SYBR Green and run in triplicate in 96-well reaction plates with the real-time PCR System CFX96 (BioRad Laboratories Incorporated, USA). Amplification reactions were prepared in a total volume of 20 μl as indicated by the manufacturer: 2 μL of cDNA, 2 μL of each amplification primer (2 μM), 10 μL of iQ SYBR® Green Supermix (BioRad Laboratories Incorporated Hercules, CA) and 4 μL of sterile milli-Q water. qRT-PCR was performed in triplicate for each sample. The primers for the endogenous genes used as reference for normalization were designed based on expression stability data in Nicotiana tabacum and Nicotiana benthamiana previously reported (Liu et al., 2012; Schmidt and Delaney, 2010) . The primers for amplification of M-GP5 and T-GP5 were design from the sequence of each peptide nanoparticle sequence (Table 2) . Primer design was performed using Primer-Blast (Ye et al., 2012) , and Oligo Evaluator TM software (Sigma-Aldrich). The relative expression was determined by evaluating the expression by the 2-ΔΔCT method (Livak and Schmittgen, 2001 ).
Total soluble protein extraction and SDS-PAGE
Infiltrated leaves were cut and immediately frozen in liquid nitrogen. Frozen tissue was macerated with mortar and pestle and mixed with extraction buffer (50 mM sodium phosphate pH 7.4, 100 mM NaCl, 10 mM EDTA pH 8.0, 5 mg/mL ascorbic acid, 1mM PMSF, inhibitor cocktail, 0.1% triton X-100, 1% sodium bisulphite) using 1 mL of extraction buffer for each gram of fresh tissue. The mix was incubated for 10 min at room temperature and then centrifuged at 14,000 x g for 20 min at 4°C. The supernatant was filtered with three layers of miracloth and then with 0.8, 0.45 and 0.22 μm cellulose acetate filters. Protein quantification in total soluble extracts was estimated by the Bradford (1976) assay with bovine serum albumin as a protein standard. 30 µg of total soluble protein were separated by 12% SDS-PAGE. The samples were mixed with 5X loading buffer with β mercaptoethanol (Sigma) and then were boiled for 5 min at 95°C. After migration, the gels were fixed in water containing 10% (v/v) acetic acid and 40% (v/v) methanol, and then washed three times in water. The proteins were visualized by staining with the colloidal Coomassie blue (Sigma).
Peptide nanoparticles purification
The purification protocol employed was based on those used by Hu et al. (2008) and Rao et al. (1994) . Briefly, total soluble extracts were mixed with an equal volume of chloroform, stirred for 60 min at 25°C and then centrifuged at 12,000 xg for 20 minu at 4°C. The supernatant was recovered, loaded on a 10% sucrose cushion and centrifuged at 130,000 xg for 2.5 h at 4°C. The pellet was recovered and mixed in resuspension buffer (0.05 M sodium acetate, 0.008 M magnesium acetate, pH 4.5) and then separated on a 10-40% sucrose gradient at 130,000 xg for 1 h at 4°C. Bottom fraction was collected and centrifuged again at 245,400 xg for 2 h at 4°C. Peptide nanoparticles were then purified with PrepEase Histidine Tagged protein purificaion kit (USB Corporation, Cleveland Ohio USA).
Electron microscopy
Fresh samples were adsorbed on formvar/carbon-coated cupper grids and negative stained with 2% phosphotungstic acid, pH 5.5 for 10 min. The stained peptide nanoparticles were observed by transmission electron microscopy (Morgagni series 5005, Phillips).
RESULTS
In this work, we aimed to confirm whether the peptide nanoparticles containing the GP5 epitope B of PRRSV could be obtained using the plant transient expression platform. To this end, two chimeric constructs were prepared and transiently expressed in leaves of N. sylvestris. The sequences had previously been codonoptimized for expression in plants. We designed two constructs, M-GP5 which yields icosahedral nanoparticles whereas T-GP5 yields octahedral nanoparticles. According to Babapoor et al. (2011) , M-GP5 seems to contain the highest density of the epitope. We will be testing them separately in future immunological challenges in mice and pigs. As a first step towards determining whether nanoparticles could assemble in plants, we purified the particles and performed an analysis by TEM. As shown in Figure 1 , we were able to obtain particles in both cases with sizes between 16-25 nm. The size and morphology of the nanoparticles closely resembled those obtained in bacteria (Babapoor et al., 2011; Kaba et al., 2009; Pimentel et al., 2009 ). This data demonstrated that nanoparticles were successfully Uribe-Campero et al. 1603 formed in the plant cytoplasm. In order to confirm the expression of the particles in plants, we obtained the total soluble protein of plant extracts and separated them by SDS-PAGE. We observed that a protein with size about 15 KDa, corresponding to the monomer size of peptide nanoparticles in both versions, was clearly detectable in samples expressing the constructs M-GP5 or T-GP5 and it was not detectable in extracts of non-infiltrated plants (Figure 2) . This band was similar in relative molecular mass to the purified protein.
To quantify the relative expression of the chimeric particles M-GP5 and T-GP5, we employed quantitative real time PCR using RNA from infiltrated and noninfiltrated plants. We observed that both constructs were detectable by this technique (Figure 3) . Expression levels for infiltrated and non-infiltrated plants were normalized using values of the 18S (18S ribosomal RNA) and eEF1a (eucaryotic elongation factor 1α) constitutive, endogenous genes.
DISCUSSION
Many attempts have been made at developing an efficacious vaccine against PRRS. Current vaccines present several shortcomings but the main one is that the efficacy may vary upon heterologous challenge. This may be due to the high variability and the evasion mechanisms of the virus. Even though a number of viral antigens have been expressed in various systems, including plants, the efficacy of such an approach is still in doubt.
In this sense, it has been suggested that the mammalian immune system has evolved to detect repetitive patterns present in pathogens but absent in mammal, pathogen-associated molecular patterns (PAMP) (Bachmann and Jennings, 2010) . The plantbased nanoparticles obtained in this work resemble those obtained by Raman et al. (2006) in E. coli in size and appearance and present a repetitive pattern.
When the sequence of these nanoparticles was expressed in E. coli and purified, no particles were obtained, they had to be subjected to several folding treatments in vitro for the particles to assemble (Raman et al., 2006; Pimentel et al. 2009 ). However, in our case, the nanoparticles were able to self-assemble spontaneously in the plant cytoplasm without any further treatment. In this case, our platform might be superior to E. coli for nanoparticles expression and folding.
We were interested to determine if the protein making up the particles was detectable by SDS-PAGE. A band of about 15 kDa, which is the expected size of the monomer, was detectable in crude extracts from infiltrated plants but not in crude extracts from noninfiltrated plants. The fact that the unpurified protein was easily detectable in crude extracts by SDS-PAGE gels means that it is been synthesized at significant levels because it is known that only abundant proteins are detected by this technique (Virgen-Ortiz et al., 2013) . We are in the process of obtaining specific antibodies against the nanoparticle protein and in the next step of the project, we will quantify the nanoparticle protein by ELISA.
In order to confirm transcription of the transgenes we employed qRT-PCR. Interestingly, T-GP5 seemed to express at a much higher level than M-GP5. This result indicates that both transgenes are being expressed in the plant cells but we have no explanation why one of them expresses much better that the other one.
In this work, we have shown that protein nanoparticles containing the epitope B from PRRSV can be synthesized and efficiently self-assembled inside plant cells. The potential for these nanoparticles to serve as platforms for vaccines is quite obvious. Recombinant antigens can be prepared in a matter of weeks to new variants of the antigen which makes this approach a powerful tool for a fast and effective response when new virus strains arise. Nevertheless, the platform has some limitations such as plant glycosylation, which is different from that of animal cells and the fact that antigen purification from plant cells is still a somewhat cumbersome process. In the next phase of the project, we will immunize mice to show immunogenicity with pigs, which will be later challenged with a circulating strain of the virus.
Conclusion
Peptide nanoparticles containing a PRRSV epitope can be efficiently expressed and self-assembled in plant cells. 
